Although δ-catenin/neural plakophilin-related armadillo protein (NPRAP) was reported to interact with presenilin-1 (PS-1), the effects of PS-1 on δ-catenin have not been established. In this study, we report that overexpression of PS-1 inhibits the δ-catenin-induced dendrite-like morphological changes in NIH 3T3 cells and promotes δ-catenin processing and turnover. The effects of PS-1 on endogenous δ-catenin processing were confirmed in hippocampal neurons overexpressing PS-1, as well as in the transgenic mice expressing the disease-causing mutant PS-1 (M146V). In addition, disease-causing mutant PS-1 (M146V and L286V) enhanced δ-catenin processing, whereas PS-1/γ-secretase inhibitors could block the formation of processed forms of δ-catenin. Together, our findings suggest that PS-1 can affect δ-catenin-induced morphogenesis possibly through the regulation of its processing and stability.
and enhance dendritic morphogenesis in primary hippocampal neurons [11] . Some of the binding partners of δ-catenin include E-cadherin [14] , S-SCAM [8] , and PS-1 [13, 19, 21] . However, the consequences of PS-1 and δ-catenin interactions have not yet been illustrated.
In this report, we investigated the effects of PS-1 on δ-catenin. The co-overexpressed PS-1 significantly impaired δ-catenin-induced cellular branching in NIH 3T3 fibroblasts. We also found that PS-1 expression promoted δ-catenin processing when they were co-transfected in 3T3 cells and when PS-1 was overexpressed in hippocampal neurons, which was sensitive to PS-1/γ-secretase inhibition and was facilitated by the Alzheimer's disease-causing PS-1 mutation. Our findings suggest that one function of PS-1 expression is to promote δ-catenin processing and, thereby, affect the function of δ-catenin in cells.
Experimental procedures Plasmid construction
Construction of full-length-δ-catenin constructs in pEGFP-C1 or pRFP-C1 has been described previously [11] . The wild-type PS-1 and mutant PS-1 in pEGFP-C1 were generated by PCR amplification of the desired PS-1 by using PS-1-specific oligonucleotides.
Generation and maintenance of transgenic mice
We generated the BAI1-AP4 promoter-M146V PS-1 transgene using the same methods as we previously reported for the construction of BAI1-AP4 promoter-lacZ transgene [12] .
Cell lines and antibodies
Mouse NIH 3T3 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco-BRL), plus 10% fetal bovine serum. PS1−/−, PS2−/−, PS1/2−/−, and PS1/2+/+ cells were kindly obtained from Dr. De Strooper. The target proteins were visualized by using antibodies to GFP or RFP (1:500 dilution, monoclonal antibody; BD Biosciences), to PS-1 (1:2000 dilution, polyclonal antibody; Sigma), and to δ-catenin (1:300 dilution, monoclonal mAbJ19; 1:1000 dilution, polyclonal rAbUBI [Upstate Biotechnology, NY]). Anti-δ-catenin indicates the use of rAbUBI unless otherwise specified.
Quantification of cellular branching phenotypes
NIH 3T3 fibroblasts were transfected with the use of LipofectAMINE PLUS reagent as described by manufacturer (Invitrogen). After transfected cells were fixed, the branching of cellular processes were scored using Universal Imaging (MetaMorph) on 4 randomly chosen fields per construct in any single experiment. The data were combined from at least three experiments, and statistical analysis was performed using t-test. Confidence level was set at 95%.
Western blotting
Cultured cells were harvested with RIPA buffer, and the protein concentration was determined using the BCA assay (Pierce). The proteins were run on an 8% Tris-Glycine gels (Novex), transferred to a hydrophobic polyvinylidene difluoride membrane (Amersham), and developed with ECL Western blotting detection reagents (Amersham). Even loading of samples were confirmed with direct blue 71 staining kits (EZ BiopacQ, Korea).
Treatments with the γ-secretase inhibitor γ-Secretase activity of PS-1 was inhibited using the γ-secretase inhibitor III (Calbiochem). After incubating at 37 °C with 5% CO 2 for 6 h, cells were treated with either the 10 μM γ-secretase inhibitor III or 300 nM WPE-III-31C. After overnight incubation, cells were transfected with the LipofectAMINE PLUS as described above. After incubating for 3 h, recovery medium with 10% FBS was added. After overnight incubation, the recovery medium was replaced with fresh culture media. The proteins were extracted for Western blot analysis, and cells were fixed for fluorescent observation.
Determination of protein half-life
To determine the half-life of δ-catenin, presenilin wild-type MEF cells (PS1/2+/+) and presenilin 1, 2 double knock-out MEF cells (PS1/2−/− ) were transfected with 0.5 μg δ-catenin, PS-1 wild-type, and PS-1 M146 V by the Lipofectamine method. After 12 h of transfection, cells were incubated with 50 μg/ml cycloheximide for the indicated times, and equal amounts of lysate in micrograms were subjected to immunoblot analysis.
Results

Overexpression of PS-1 affects δ-catenin fragment patterns and cellular branching
In order to determine the functional roles of interaction between PS-1 and δ-catenin, we initiated a study to investigate the effects of PS-1 expression on δ-catenin. Both wild-type and mutant PS-1-GFP were introduced into NIH 3T3 cells and were shown to be localized in the cytoplasm ( Fig. 1A : a, b, and c). We did not observe any significant effects of overexpressed PS-1 on cell morphologies ( Fig. 1A : a, b and c). In contrast, as we previously reported, δ-catenin expression induced the branching of dendrite-like processes in NIH 3T3 fibroblasts ( Fig. 1A: d; arrows). The expression of exogenous PS-1 and δ-catenin was also confirmed by Western blot analyses (data not shown).
Next, we transiently co-transfected NIH 3T3 fibroblasts with PS-1 tagged with GFP and δ-catenin. The branching of dendrite-like processes induced by δ-catenin was slightly reduced when cells overexpress both the pEGFP vector and δ-catenin (Fig. 1B : a and b), although this reduction was not statistically significant (Table 1) . While the cells over-expressing both GFP tagged wild-type or mutant PS-1 and untagged δ-catenin ( Fig 1B: c-f) resulted in the statistically significant reduction in branching when compared to cells expressing δ-catenin alone, we did not observe any significant differences between wild-type and mutant PS-1 in terms of its morphological effects on cells (Table 1) .
To determine the effects of PS-1 on δ-catenin processing, the protein banding patterns of single (untagged PS-1 or GFP tagged δ-catenin) or double (untagged PS-1 and GFP tagged δ-catenin) transfected NIH 3T3 cells were analyzed by Western blot using anti-δ-catenin and GFP antibodies. When PS-1 was co-expressed with δ-catenin, the banding patterns of δ-catenin on the SDS-PAGE showed variably an additional faster migrating form indicating a possible cleavage. The cleaved form of δ-catenin was most prominent in mutant PS-1 M146V-transfected cells ( Fig. 2A) . The moderate cleavages were variably observed in wild-type PS-1 and mutant PS-1 L286V transfected cells. PS-1 M146V/D257A double mutants, whose critical aspar-tate 257 residue was point-mutated to alanine, showed no noticeable cleaved forms of δ-catenin, suggesting that the cleavage of δ-catenin by mutant PS-1 M146V may be mediated by PS-1 containing a γ-secretase-like activity. In these experiments, although the transfection efficiencies were very similar among all the transfections, the expression level of δ-catenin varied when wild-type or mutant PS-1 was co-expressed ( Fig. 2A) . The different banding patterns of δ-catenin are less likely a result of protein phosphorylation or dephosphorylation, since alkaline phosphatase treatments did not alter the δ-catenin banding profiles (Fig. 2B) . Furthermore, the formation of this additional faster migrating δ-catenin species is unlikely the result of differential transcription, because only one form of δ-catenin was ectopically transfected as a full-length cDNA. These data indicate that PS-1 may have a role in the regulation of δ-catenin cleavage, and that the effects of some mutant PS-1 (such as M146V) on the cleavage of δ-catenin are significantly greater than that of wild-type PS-1.
The effects of PS-1 M146V on exogenous δ-catenin processing were also confirmed on endogenous δ-catenin processing (Fig. 2C) . We isolated the protein extracts from hippocampal neurons of PS-1 M146V transgenic mice and compared the banding patterns of endogenous δ-catenin with that of normal mice by Western blot analysis. As shown in Fig. 2C , left panel, we observed a prominent cleaved form of δ-catenin in PS-1 M146V transgenic mice but not in normal mice (WT). In order to confirm our observations, we transfected PS-1 M146V into cultured primary hippocampal neurons and examined the effects of overexpressed PS-1 M146V on endogenous δ-catenin. As expected, we observed an increased cleavage form of δ-catenin in PS-1 M146V transfected hippocampal neurons as compared to that of mock transfected neurons (Fig. 2C, right panel) . Therefore, we propose that PS-1 overexpression promotes the cleavage of both exogenous and endogenous δ-catenin.
Cleavage of δ-catenin is sensitive to inhibitors of PS-1/γ-secretase activity
Because the expression of PS-1 M146V/D257A did not influence its banding patterns ( Fig.  2A) , we suspected that δ-catenin processing is affected by a γ-secretase-like activity of the PS-1 complex. As expected, the Western blot analyses clearly revealed that the banding patterns of δ-catenin were altered with increasing concentrations of γ-secretase inhibitor III.
The cleaved form of δ-catenin in the M146V PS-1-transfected cells shifted toward a heavier form in a concentration-dependent manner (Fig. 3A) .
Increased cleavage of δ-catenin by overexpressed PS-1 in PS1/2+/+ and PS2−/− fibroblasts
To investigate the effects of PS-1 on δ-catenin in more detail, we used PS-1 deficient fibroblasts (PS1−/− ), PS-2 deficient fibroblasts (PS2−/− ), PS-1/2 deficient fibroblasts PS1/2− and wildtype Ps=1/2 containing fibroblasts (PS1/2+/+).
To confirm the results obtained in NIH 3T3 cells in which overexpressed mutant PS-1 promoted δ-catenin processing, we transiently co-transfected PS1−/−, PS2−/−, PS1/2−/−, and PS1/2+/+ cells with PS-1 M146V, L286V, and δ-catenin. The cleavage forms of δ-catenin in PS1/2+/+ cells and PS2 −/− cells were strongly influenced by mutant PS-1 M146V and L286V (Fig. 3B) . Moreover, the cleavage form (Fig. 3, δ-cat cleaved) was eliminated when cells were treated with the γ-secretase inhibitor III (Fig. 3B) , suggesting that the cleavage of δ-catenin was dependent on a PS-1/γ-secretase-like activity. Surprisingly, the banding patterns of δ-catenin in PS1−/− cells did not show an obvious cleavage form when compared to that of the PS1/2+/ + and PS2 −/− cells (Fig. 3B) , perhaps reflecting that somehow exogenous PS-1 expression in PS1−/− cells was not sufficient to elicit a significant effect.
Increased δ-catenin turnover in PS1/2+/+ cells overexpressing δ-catenin
We further examined the turnover of δ-catenin in PS wild-type (PS1/2+/+) and PS deficient (PS1/2−/−) fibroblast cells. As shown in Fig. 4A and B, δ-catenin has a half-life around 11 h in mouse fibroblast cells. Overexpression of PS-1 (WT or M146V) in PS1/2+/+ cells reduced the half-life of δ-catenin from 11 to 8 h (Fig. 4A) , whereas re-expression of PS-1 WT or PS-1 M146V in PS1/2−/− cells did not significantly alter the turnover time of δ-catenin (Fig. 4B ). This again showed that exogenous PS-1 expression in PS−/− cells was not sufficient to elicit a significant effect.
Discussion
Several lines of evidence suggest that δ-catenin plays an important role in synaptic plasticity and cognition. δ-Catenin−/− mice demonstrate severe learning deficits [9] ,and hemizygous loss of the chromosomal 5p15.2 region, where human δ-catenin gene is located, is correlated with a severe form of mental retardation known as Cri-du-Chat syndrome. To support this, overexpressed δ-catenin has shown to induce an elaborate arborization of dendrites, swellings, and enhanced mature dendritic spines [11] . Therefore, the identification of regulators affecting the δ-catenin gene expression, its protein stability, and its effects on dendrogenesis and spine formation will be important in understating its normal function and contribution to pathogenesis. Even though PS-1 has been reported to interact with δ-catenin/NPRAP [13, 19, 21] , the functional consequences of PS-1 expression on δ-catenin have not been determined. In this report, we showed that PS-1 overexpression resulted in δ-catenin cleavage, increased its turnover, and inhibited δ-catenin-induced branching in NIH 3T3 cells.
The production of a cleaved form of δ-catenin by PS-1 regulation is of great interest. PS-1 is known to produce cleaved forms of many proteins, including APP, Notch, and E-cadherin [3, 4, 15] , whose biological and/or pathological roles are under active investigation. However, all of the above substrates for PS-1/γ-secretase fulfill several criteria. First, they are all type I receptor transmembrane proteins. Second, the cleavage occurs at their intramembranous domains that involve the lipid environment. Furthermore, PS-1/γ-secretase mediated processing of proteins is sensitive to the inhibitors of γ-secretase and can be blocked when the two critical aspartate residues located between PS-1 transmembrane domains 6 and 7 are mutated. δ-Catenin does not display any predicted transmembrane domains; therefore, it does not fulfill the classical criteria for a γ-secretase substrate. Interestingly, δ-catenin cleavage in the PS-1 overexpressed NIH 3T3 cells was sensitive to PS-1/γ-secretase inhibition, and this cleavage was reduced when δ-catenin was co-expressed with PS-1 double mutant M146V/ D257A. In addition, Alzheimer's disease causing mutations in PS-1 enhanced the δ-catenin cleavage. There can be two different explanations for these observations. On one hand, δ-catenin could be processed by a γ-secretase-like activity that involves PS-1. In this scenario, δ-catenin has to be in the vicinity of the PS-1/γ-secretase complex physically. Indeed, δ-catenin is enriched in the postsynaptic junction where PS-1 is also localized and δ-catenin interacts with glutamate receptors (NR2A and mGluR1α) and postsynaptic protein-95 (PSD-95) [10] .On the other hand, δ-catenin may be processed by an as yet unidentified protease that is activated by PS-1/γ-secretase activity. In this case, no direct γ-secretase-like activity exists for δ-catenin.
This latter possibility seems to be supported by the data presented in this report. We found that δ-catenin in PS1 −/− and PS1/2−/− cells did not show an obvious cleavage form when compared to that of the PS1/2+/+ and PS2−/− cells (Fig. 3) . The co-expression of wild-type and mutant PS-1 in PS1−/− MEF cells did not change the outcome and did not restore the cleavage of δ-catenin (data not shown). In addition, re-expression of PS-1 WT or PS-1 M146V in PS1/2−/− cells did not significantly alter the half-life of δ-catenin. However, overexpression of PS-1 (WT or M146V) reduced the half-life of δ-catenin in PS1/2+/+ cells (Fig. 4A ). These data suggest that somehow the re-introduction of PS-1 alone into PS1−/− cells was not sufficient to elicit a significant effect, and some other factors that were present in the PS1/2+/+ cells also contributed to the cleavage of δ-catenin. One such factor may be E-/N-cadherin mediated cellcell junction complex since a number of studies showed that PS-1 interacts with classical cadherins and modulates β-catenin stability [20] . Further studies will be needed to address the possible involvement of cadherin in the regulation of δ-catenin stability.
Throughout our researches reported here, mutant PS-1 showed stronger effects on the cleavage of δ-catenin than wild-type PS-1. Some of the mutant PS-1 showed different endoproteolytic processing compared to wild-type PS-1, suggesting their different roles in the cells. PS-1 M146V mutant increases the ratio of Aβ42-long species production and down-regulates the production of APP-α [1] . Furthermore, cells expressing PS-1 L286V mutant exhibit enhanced elevation of Ca 2+ following exposure to Aβ and increased vulnerability to Aβ toxicity [6] .
Whereas the naturally occurring FAD mutation PS-1 L286V did not interfere with Notch endoproteolysis, charged amino acid substitutions strongly inhibited NICD generation [17] . All of these published data support our observation for the differences of wild-type vs. mutant PS-1 and among mutants.
δ-Catenin is highly expressed in the dendrites of the mature brain [10] . The induction of branching of dendrite-like processes by overexpressed δ-catenin suggests its role in dendrogenesis and brain functions [11] .It is worth noting that PS-1 is detected in neuronal processes and filopodia-like structures of growth cones in a primary culture of rat hippocampal neurons where δ-catenin is also localized [2] . Previous studies demonstrated that the inhibition of PS-1/γ-secretase increases neurite outgrowth in NT2N cells [5] . Our data showed that the overexpression of PS-1 affects δ-catenin-induced cellular branching in NIH 3T3 cells (Table  1) . Taken together, these findings are consistent with the notion that the direct binding of PS-1 to δ-catenin and the effects of overexpressed PS-1 on δ-catenin may play important roles in neuronal function. However, the downstream effects of increased δ-catenin cleavage forms require further investigation to define its exact biological and pathological role in neurons. 
